Heterozygosity-fitness correlations (HFCs) have been used to understand the complex interactions between inbreeding, genetic diversity and evolution. Although frequently reported for decades, evidence for HFCs was often based on underpowered studies or inappropriate methods, and hence their underlying mechanisms are still under debate. Here, we used 6100 genome-wide single nucleotide polymorphisms (SNPs) to test for general and local effect HFCs in maritime pine (Pinus pinaster Ait.), an iconic Mediterranean forest tree. Survival was used as a fitness proxy, and HFCs were assessed at a four-site common garden under contrasting environmental conditions (total of 16 288 trees). We found no significant correlations between genome-wide heterozygosity and fitness at any location, despite variation in inbreeding explaining a substantial proportion of the total variance for survival. However, four SNPs (including two non-synonymous mutations) were involved in significant associations with survival, in particular in the common gardens with higher environmental stress, as shown by a novel heterozygosity-fitness association test at the species-wide level. Fitness effects of SNPs involved in significant HFCs were stable across maritime pine gene pools naturally growing in distinct environments. These results led us to dismiss the general effect hypothesis and suggested a significant role of heterozygosity in specific candidate genes for increasing fitness in maritime pine. Our study highlights the importance of considering the species evolutionary and demographic history and different spatial scales and testing environments when assessing and interpreting HFCs.
Introduction
It is well known that a decrease in heterozygosity, for example due to mating between relatives or genetic drift after population bottlenecks, can lead to a concomitant reduction in fitness. This is believed to be caused by the expression of recessive deleterious alleles and the lower occurrence of beneficial overdominance effects [1] [2] [3] [4] . However, understanding how heterozygosity, as evaluated by molecular markers, correlates with fitness (heterozygosity-fitness correlations or HFCs) at different spatial scales remains a key issue in the study of the complex interaction between genetics, ecology and evolution [5] [6] [7] . The mechanisms underlying HFCs are still hotly debated, since the hypotheses proposed so far involve alternative causative agents and have different evolutionary consequences [7, 8] .
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Three main hypotheses have been proposed to explain HFCs (reviewed in [3, 7] ). The first two explain HFCs in terms of heterozygote advantage at particular loci: (i) the direct effect hypothesis, in which a molecular marker itself has a functional influence on a fitness trait; and (ii) the local effect hypothesis, which assumes HFCs to be caused by heterozygosity in genes that are in linkage disequilibrium with the studied molecular markers. Finally, (iii) the general effect hypothesis assumes that molecular marker heterozygosity reflects genome-wide heterozygosity, which in turn is correlated with the individual inbreeding level and the expression of deleterious recessive alleles. Direct, local and general effects are not mutually exclusive [9] .
Numerous organisms show evidence for direct/local fitness effects (e.g. cattle [10] and fish [11] ), general fitness effects (e.g. amphibians [12] ) or both (e.g. birds [13] , humans [14] and plants; see [15] for a review). HFCs for specific loci rather than for genome-wide heterozygosity tend to predominate in the literature. However, it has been recently argued that expected effects are small and hard to detect, and that inappropriate statistical testing (e.g. singlelocus regression instead of multilocus models incorporating specific effects for each locus) may have biased the results towards the predominance of the direct and local effect hypotheses [7] . Meta-analyses have shown that HFCs, although positive overall, are weak (explaining around 1-5% of the variance of fitness traits in studies with microsatellites), far from universal and context-dependent [5, 7, 16, 17] . Several authors have also pointed out a possible publication bias towards reporting positive, significant HFCs [7, 17, 18] (but see [19] ). Furthermore, HFC studies could have also been hindered by the choice of fitness traits and molecular markers, incomplete knowledge on demographic history and population structure for target species, and lack of statistical power [7, 18] . For example, under current theory, only life-history traits involving many different loci under directional dominance, such as survival or reproductive success, are expected to correlate with heterozygosity, while many studies have focused on less appropriate growth or behavioural traits [7, 17] .
Another highly controversial issue is the degree to which heterozygosity measured at a small number of molecular markers captures whole-genome heterozygosity [9, 19, 20] , challenging the support for the general effect hypothesis in studies from the 'pre-genomics era'. Moreover, for marker loci to be able to estimate general inbreeding, the studied population must have gone through some mechanism generating variation in inbreeding, such as consanguineous matings, genetic drift or a recent bottleneck [7, 21] . Rates of both local and genome-wide recombination are also relevant, as they influence the effect of selection on neighbouring neutral sites through linkage (e.g. [22] ) and the long-term maintenance of diversity [23] . Finally, the type and genome location of molecular markers used to test for HFCs have great importance, as fitness effects are expected to be different depending on whether the markers are neutral or potentially functional, and local or widespread in the genome [4, 13, 21, 24, 25] . In this context, genome-wide single nucleotide polymorphisms (SNPs) may help to overcome the inherent limitations traditionally associated to the study of HFCs [18, 26, 27] . Here, we used a large SNP dataset (6100 SNPs), including both putatively neutral control SNPs and potentially functional polymorphisms from candidate genes, to address HFCs in maritime pine (Pinus pinaster Ait.), an outcrossing conifer with a fragmented but widespread distribution in southwestern Europe and northern Africa.
Outcrossing species with long generation times, such as forest trees, can accumulate substantial genetic load [28] and are thus suitable for detecting general HFCs. They also often have high levels of standing genetic variation for adaptive genes (e.g. [29] for Mediterranean pines), which makes them ideal to identify loci involved in direct or local HFCs too. Moreover, forest trees, given their typically high population differentiation over extensive distribution ranges, can also be useful to study HFCs at different spatial scales. However, to date, only scarce data exist on HFCs for forest tree species [15] , and the few available studies were based on only a handful of molecular markers (typically less than 20). These studies reported disparate results, from positive HFCs [30] to negative [31] or null correlations [32] , or even positive and negative HFCs within different populations of the same species [33] .
In this study, individual HFCs were assessed for distinct maritime pine populations and gene pools in a multisite common garden, thus providing an ideal scenario to test whether HFCs remain stable or vary across the species range or under distinct environmental conditions [15] . HFCs considering distinct selection pressures have seldom been tested or suffered from limitations due to reduced environmental variability or lack of replication [12] (but see [34] ). Using survival as a fitness proxy, we tested for both general effects (correlating neutral SNP heterozygosity and fitness data) and local effects (as revealed by a novel heterozygosity-fitness association test). The interpretation of our results in the light of the relatively wellknown evolutionary history of maritime pine and the use of complementary analytical approaches at different spatial scales provided comprehensive insights into the mechanisms underlying HFCs in this outcrossing, long-lived forest tree.
Material and methods (a) Study species
Maritime pine (P. pinaster Ait.) is a long-lived, outcrossing conifer, native to the occidental Mediterranean Basin and the European Atlantic front (figure 1). This species has great ecological and economic importance, being an iconic tree of Mediterranean landscapes as well as the main commercial softwood source in southern Europe. It grows in a variety of substrates, from siliceous to calcareous, in elevations ranging from seashore to over 2000 m.a.s.l., and under different climate regimes [35] . In the Mediterranean area, maritime pine is found in scattered populations, from the coast to the Iberian central plateau. In contrast, Atlantic populations, which grow in a moist-temperate climate with low seasonality, are large and continuous, partly due to afforestation.
Maritime pine survived the last glaciations in multiple refugia located in southeastern Spain, northern Africa, southern Italy and the Atlantic coast of Portugal [36] , where it presumably overcame severe bottlenecks (see fig. 3 in [29] ; see also [37] ). Based on molecular markers, six extant gene pools have been described in the species (French Atlantic coast, Iberian Atlantic coast, central Spain, southern Spain, Corsica and Morocco [38, 39] ; figure 1), which also showed evidence of genetic differentiation for adaptive traits [38, 40] . High molecular and phenotypic variability among gene pools, together with population adaptive divergence, make maritime pine particularly interesting for HFCs studies at different spatial scales.
(b) Plant material
Open-pollinated seeds were collected from 34 natural populations selected across maritime pine natural range. The sampling rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20152230 included representations of the six gene pools previously described using neutral molecular markers (see above and figure 1). Seedlings were grown in nursery and each individual was propagated vegetatively by cuttings [41] . These cuttings (1-28 genotypes per population; table 1) were used to establish a common garden experiment (total of 16 288 trees) at four locations that covered the species's climatic breadth (figure 1). Common gardens in Asturias and Portugal are located in the Atlantic region, with high annual rainfall (1160 and 985 mm, respectively) and mild temperatures (11.3 and 14.28C, respectively). Nevertheless, Portugal shows less than half the summer rainfall than Asturias, indicating higher seasonality (63 mm and 152 mm, respectively). By contrast, trials in Madrid and Cáceres are located in continental areas under Mediterranean influence (annual rainfall of 443 and 898 mm, and mean temperature of 13.7 and 15.58C, respectively), with large seasonal temperature oscillations and a marked summer drought. Apart from its climate, clay soils make Cáceres a worse site than Madrid for maritime pine survival and growth. Each of the four replicated trials comprised 4072 trees, with 509 genotypes and eight ramets per genotype, set in a randomized complete block design. This clonal common garden design allowed multiple survival measurements for each genotype and accurate performance evaluation.
(c) Molecular markers
Illumina Infinium technology was used to genotype 8949 SNPs. After standard quality filters (based on genotype clustering scores, SNP call frequency and Hardy-Weinberg equilibrium tests) and careful visual inspection, 6100 polymorphic SNPs from 3511 distinct amplicons/unigenes with lower than 10% missing data were kept for this study. The successfully scored SNP set included 2661 control SNPs (see [43, 44] for details). These SNPs were randomly chosen from transcriptome sequence data originated from cDNA libraries of different tissues without any prior experimental treatment and are thus expected to represent neutral or quasi-neutral variants. The remaining 3439 SNPs were obtained from mixed sources (see table S3 in [44] ), including potentially functional markers from candidate genes (e.g. 18 SNPs associated with climate adaptation [39] and 17 SNPs associated with serotiny, a fire-response adaptive trait [45] ). SNPs were also selected to provide wide genome coverage and low linkage with other SNPs from the same amplicon/unigene. Thus, they provide independent genome-wide samplings of the genome. Further details on SNP selection, assay construction, DNA extraction and SNP typing methods are provided in [44] .
(d) Fitness and heterozygosity estimates (i) Fitness
Tree survival was scored as a binary variable (0/1) 3 years after plantation and used as a fitness proxy [7, 46] . Survival best linear unbiased predictors (BLUPs) for each population and genotype were estimated by restricted maximum likelihood (REML), as implemented in ASREML [47] . A general linear mixed model was fitted for each common garden, including block as a fixed term, and population and clone within population as random factors (for details, see electronic supplementary material, appendix SA). This way, we obtained one survival BLUP for each genotype, subsequently used as the individual fitness estimate for HFCs. These fitness estimates represent the genetic merit of each genotype for survival under the testing conditions of each common garden and have reduced environmental noise, thus increasing the power to detect HFCs. To avoid spurious HFCs due to population structure when merging genotypes from different populations [7] , genotype survival estimates did not include population effects (i.e. population mean estimates were subtracted from the genotype survival estimates), as if all trees formed a unique population.
(ii) Heterozygosity Individual multilocus observed heterozygosity (H o ) was determined as: where m is the number of loci successfully scored, and H ij is a binary variable that takes the value of 1 if the jth locus is heterozygous within the ith individual, and 0 otherwise [14] . We preferred multilocus observed heterozygosity (H o ) over other standardized measures of marker heterozygosity (e.g. adaptive distance or internal relatedness) because H o is, in general, more Table 1 . Heterozygosity and inbreeding for 34 P. pinaster populations evaluated in four common gardens with contrasting environments (Asturias, Portugal, Madrid and Cáceres; figure 1). Numbers in brackets after population names denote population location in figure 1 . N, number of individuals (genotypes); H o , observed heterozygosity based on 6100 SNPs; g2, a multilocus estimator of ID; s(g2), inbreeding coefficient for the population estimated from marker data [42] ; s(g2) values were not computed for the three populations with fewer than five genotypes. robust [7] (see [17] for a discussion). To combine data from different populations for HFC analyses, individual genotype heterozygosity estimates were standardized with respect to the population mean, in a similar way to the survival data [7] . An inbreeding coefficient (s) based on g2, an estimate of identity disequilibrium (ID), was also computed for each population using RMES software [42] . The procedure estimates s from g2 (the covariance in heterozygosity standardized by average heterozygosity), which depends only on the mean and variance of inbreeding in the population, and not on locus-specific characteristics (for details, see [42] ).
Morocco
(e) Heterozygosity -fitness correlations (i) General fitness effects
To test for general fitness effects using individual multilocus heterozygosity, the molecular markers assayed must carry information about genome-wide levels of heterozygosity and inbreeding [20] . Thus, prior to the analysis of general effect HFCs, we used two methods based on ID to assess the ability of the SNP markers used to capture individual inbreeding levels. First, we ran a heterozygosity-heterozygosity correlation test [9, 48] with 1000 randomizations of the marker partition, using Rhh package [48] in R v. 3.1.2 [49] . This test is based in comparing random partitions of the marker set. If independent subsets of loci are able to produce correlated heterozygosity estimates, then we could assume that the marker set has enough power to capture genome-wide information. Second, we computed g2, species-wide and for each population and gene pool, running 1000 iterations in RMES [42] . The parameter g2 is an estimator of ID that uses all markers simultaneously and is thus expected to be only affected by demographic history and not by the particular set of markers used [7, 18] . Then, we assessed the expected power of our SNP marker set to detect general-effect HFCs using formulae from Miller et al. [27] (eqn 5).
To test for the general effect hypothesis, the HFCs' significance level was assessed with standard Pearson correlation coefficients (r) between individual heterozygosity based on 6100 SNPs and survival estimates (BLUPs), after Bonferroni corrections for multiple testing. These coefficients were first computed species-wide considering all individuals (genotypes) as if they were part of a single population (i.e. after subtracting population effects, see above). Maritime pine has a strong population genetic structure resulting from its complex evolutionary history and high level of fragmentation (see Plant material). Thus, as HFCs' significance and sign may vary among distinct geographical groups, HFCs were also studied at different spatial levels: (i) the gene pool level, which also considered individual data without population effects; and (ii) the population level, where HFCs were determined considering only the genotypes tested in each population (see table 1 for details on sample sizes). Three populations with five or fewer genotypes (Madisouka, Carbonero and Cómpeta) were excluded for these later analyses. As phenotypic correlations across common gardens were low (see Results), general HFCs were tested separately for each one of the four common gardens. Finally, the expected correlation between heterozygosity and inbreeding ( f ) and between inbreeding and fitness, as gauged by survival BLUPs, were computed following Szulkin et al. [7] .
(ii) Local fitness effects Local fitness effects were tested using a novel association test between heterozygosity and fitness. As for the case of general HFCs, an independent test was conducted for each common garden. SNPs were coded as 0 if the locus was heterozygous and as 21 otherwise. Heterozygote effects were computed using a Bayesian mixed linear model that imputes missing data and fits simultaneously additive SNP effects and population structure [50] , as implemented in BAMD software v. 3.5 [51] (see electronic supplementary material, appendix SB). The kinship matrix was inferred from the full SNP dataset in SPAGEDI v. 1.3 [52] . Negative genetic covariances between individuals were set to zero as in the study by Yu et al. [53] . To avoid false positives and control for confounding associations between marker heterozygosity and survival, individual assignment probabilities to each gene pool were included in the model as covariates (i.e. the Q matrix, as obtained from STRUCTURE software v. 2.2 [54] ; details on STRUCTURE runs are provided in electronic supplementary material, table S1). A total of 500 000 iterations were performed on BAMD and the last 200 000 were kept to estimate the distribution of additive SNP effects (g). Then, a one-sided test (a ¼ 0.05) was used to identify significant local HFCs (i.e. those with g . 0). Finally, fitness effects of SNPs involved in significant HFCs were also computed separately for trees belonging to the two gene pools with higher sample sizes, French Atlantic Coast (n ¼ 135) and central Spain (n ¼ 168), which represent two highly contrasted growing conditions (Atlantic versus Mediterranean) within the species range. In this case, the distributions of additive SNP effects were used to identify significant differences (i.e. non-overlapping 95% confidence intervals, CIs) with SNP effects on fitness at the species-wide scale. figure S1 ), and neither showed any remarkable differences across the six gene pools or between the Mediterranean and Atlantic regions.
Results (a) Fitness and heterozygosity estimates

(b) Heterozygosity -fitness correlations
The multilocus heterozygosity-heterozygosity mean correlation coefficient was 0.95 (95% CIs: 0.94-0.96). Such a highly positive and significant value indicates that our SNP markers are suitable to detect general effect HFCs in this species, if present. Accordingly, the g2 estimator of ID differed significantly from zero species-wide (g2 ¼ 0. figure S1 ).
Using a heterozygosity-fitness association test, we found that four SNPs (SNP1646, SNP2431, SNP4734 and SNP8781; see [44] for notation), two of them non-synonymous (SNP1646 and SNP2431), were involved in local effect HFCs (table 2 and figure 2 ). Interestingly, one of the non-synonymous mutations (SNP2431) was significantly associated with survival in two common gardens (Madrid and Cáceres). Most of the significant positive associations (four out of five, involving three SNPs out of four) were found in the common gardens with higher environmental stress: one in Madrid and three in Cáceres, the common garden with highest mortality. Fitness effects of SNPs involved in HFCs were stable across maritime pine gene pools naturally growing in distinct Atlantic and Mediterranean environments (i.e. they had overlapping 95% CIs with species-wide SNP effect estimates on fitness; table 2).
Discussion
HFCs were examined in the keystone tree maritime pine, under contrasted environments, using 6100 genome-wide SNP markers. Variation in inbreeding explained a substantial proportion of the total variance in survival, but no significant correlation was found between genome-wide heterozygosity and fitness at any spatial level (i.e. species, gene pool or population). However, heterozygosity in four SNPs was positively associated with survival, in particular in the common gardens with higher environmental stress, as shown by an association test. Local HFCs were stable across maritime pine gene pools naturally growing under Mediterranean and Atlantic climates.
These results led us to dismiss a global relationship between heterozygosity and fitness in maritime pine (i.e. general effects). Alternatively, we suggest that not enough variance in inbreeding depression and demographic history may have decoupled heterozygosity and inbreeding.
(a) Lack of general fitness effects
Previous studies in conifers found no clear HFC patterns [32, 33] , but their results may have been swayed by a lack of statistical power, due to a reduced number of markers, inappropriate analytical methods, and the confounding effects of environment and population structure [7, 55] . It can even be argued that previous HFC studies in forest trees were all unwittingly looking for local effects, as they used a very small number of markers that were poor estimators of genome-wide heterozygosity [9] . Our multisite clonal common garden design (with several hundreds of individuals from across the species's natural range, planted in contrasting environments), our use of a high number of SNP markers with wide heterozygosity range and the performance of analyses at different spatial levels (accounting for population structure) should have overcome previous drawbacks, maximizing the chance to detect HFCs in the species, if present [1, 7, 46] . The expected power to detect HFCs [27] was very high, and this is one of the first studies reporting significant g2 values (but see [56] ) and a high heterozygosityheterozygosity correlation [18, 57] . These results endorse the greater ability of a high number of SNP markers (in our case 6100), despite incomplete coverage of the genome, for the estimation of genome-wide heterozygosity, as recently suggested by Hoffman et al. [26] .
Common gardens covered a wide range of environments, from very harsh in Cáceres to very mild in Asturias, as evidenced by survival rates ranging from 8% to 95%, which allowed us to assess HFCs in highly contrasted growing conditions. The correlation between individual heterozygosity and fitness is expected to be particularly strong under high stress conditions [13, 56, 57] (but see [1, 24] ). This is because the deleterious effects of inbreeding (i.e. inbreeding depression) tend to increase under environmental stressful conditions, as the increased variance in fitness in the inbred population allows natural selection to act against the least fit genotypes, reducing the cumulative loss of fitness predicted to occur in more benign environments [58] . However, we did not find significant correlations between genome-wide multilocus heterozygosity and fitness under any testing environment, including those with low survival.
This lack of correlation could be explained by maritime pine mating system and evolutionary history. Forest trees and maritime pine in particular are mostly outcrossing, with little variation in outcrossing rates across populations, and show low levels of correlated paternity [59] and high heterozygosity [39] . As a mainly outbreeding species, maritime pine may not have enough variance in inbreeding as to result in significant general effect HFCs. However, when compared with other Pinus species, maritime pine has reduced inbreeding depression (although still significant), in particular for fecundity traits and general vigour [60] . Evidence of historical demographic bottlenecks in the species [29, 37] suggests that some genetic load may have been purged during maritime pine survival in isolated glacial refugia [2, 28, 61, 62] , contributing to the observed lack of general effect HFCs [5, 17, 28, 63] . This hypothesis is supported by a relatively low correlation between heterozygosity and inbreeding (r 2 ¼ 0.17), which renders HFCs non-significant despite a substantial proportion of the total variance in survival being explained by variation in inbreeding (22-51%, depending on common garden). Similar low or non-significant HFCs despite relatively high association between inbreeding and fitness have been reported for both plants and animals by Szulkin et al. [7] . Agricultural hybrids where two homozygous inbred lines are crossed to produce heterozygote F 1 individuals with outstanding performance (i.e. heterosis) can be considered an extreme case of general HFCs (e.g. in maize or rice [64] ). However, naturally occurring differences in individual heterozygosity are normally much lower and, as we showed in this study, did not lead to significant fitness differences in maritime pine. To our knowledge, efforts to produce high-performance forest trees by crossing double haploid lines in breeding programmes have been generally unsuccessful [65] .
(b) Significant local fitness effects
Heterozygosity at four SNP markers was positively associated with fitness, in particular in the two common gardens with higher mortality (Madrid and Cáceres), suggesting that heterozygosity at specific loci can confer selective advantage to maritime pine under stressful environmental conditions. Apart from including a large set of control SNPs, our SNP assay was enriched for polymorphisms from candidate genes, which could have fostered the identification of local HFCs, despite rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20152230 the huge size of the pine genome (approx. 20-25 Gbp). These local HFCs were stable across maritime pine gene pools naturally growing under Atlantic and Mediterranean climates, suggesting broad, species-wide adaptation processes. Individuals with increased heterozygosity at candidate genes may well possess the necessary diversity of alleles required to adequately cope with environmental stochasticity [17] . Changing selection pressures (i.e. drought, extreme temperatures) could favour one allele or the other, alternately, along the extensive reproductive period and long life of trees (e.g. wet or dry years or decades). It has been recently argued that heterozygote advantage should be very common during adaptation if selection is stabilizing and at least some mutations are large enough to overshoot the optimum [66] . Although there is scarce experimental proof of particular loci showing heterozygote advantage [67] , it has been suggested that single alleles can confer general stress resistance for some types of stress [10, 58] . For example, heterozygote advantage might include some important cases of recent adaptation under strong selection (e.g. mutants in livestock and companion animals, warfarin resistance in rats; see [67] for discussion and more examples). However, it is generally not possible to differentiate between heterozygote advantage and other types of balancing selection [67] . Additive SNP effects in significant local HFCs were modest, ranging from 0.041 to 0.058 (table 2), as would be expected for highly polygenic fitness traits such as survival. Integrated life-history traits (e.g. survival, reproductive success) involve many different loci, all of which are targets for deleterious recessive mutations. This genetic architecture favours the expression of HFCs [7] . However, the expected effect sizes for those traits are very small, as they have a more complex polygenic architecture than morphological or physiological traits [17, 68] . Hence, it is not surprising that previous studies based on microsatellites and invoking local effect HFCs explained very little variance of the studied traits [7, 17] . Recently, García-Navas et al. [56] found heterozygosity at a single microsatellite locus to explain a disproportionately large variation in offspring size in great tits (37%). Although they suggest a possible heterozygote advantage for this locus, they also argue that this result could be biased by an underlying general inbreeding effect. It is interesting to note, however, the much stronger mean effect sizes found for plants than for animals [17] . Anyhow, because purging of genetic load and decay of linkage disequilibrium are slow processes, effect sizes tend to be also smaller in populations that underwent historical bottlenecks, as is the case of maritime pine, than in those that suffered more recent ones [17] .
Remarkably, a non-synonymous polymorphism, SNP2431, was involved in HFCs for the two Mediterranean common gardens with high environmental stress (Madrid and Cáceres). This SNP is located in a candidate gene encoding an expansin, which belongs to a family of closely related plant cell wall proteins involved in cell growth [69, 70] . The heterozygote advantage observed at this locus may then be explained by direct selection, as it appears to play an important functional role in plant growth and development [71] . Some previous studies have also reported significant HFCs for markers located in genes of known function, but not for neutral markers [25, 72] . However, most of the local HFCs found in this study were located in poorly annotated genes and it is likely that they are in linkage with causative polymorphisms rather than being the causative polymorphisms themselves (i.e. they can be considered local but not direct HFCs). Thus, further work is needed to validate or identify causative polymorphisms and fully understand the functional basis of the significant HFCs found in our study.
Conclusion
Our study suggests that genome-wide heterozygosity has little impact on maritime pine fitness, even though variation in inbreeding seems to be associated with survival in the species. However, a novel application of a genetic association test allowed us to identify the heterozygosity of some putatively adaptive markers to be associated with survival in maritime pine, revealing that local fitness effects may drive HFCs in this species. Nevertheless, because our SNP assay was enriched for polymorphisms from candidate genes, this assertion must be taken with caution. HFCs were stable across distinct maritime gene pools pointing to broad, species-wide effects on fitness. Moreover, significant HFCs were found in common gardens under harsh Mediterranean climatic conditions, suggesting that heterozygosity at these loci is more important for survival under increased selection pressures. Thus, heterozygosity in specific candidate genes may hold a relevant role for survival of forest tree populations under warmer and drier climates, as those expected under current climate change. Our study highlights the utmost importance of integrating knowledge on species evolutionary and demographic history across different spatial scales and testing environments in the estimation and interpretation of HFCs in future studies.
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